Cell-free systems derived from unfertilized Xenopus eggs have been particularly informative in the study of the regulation and biochemistry of DNA replication. We have developed a Xenopus-based system to analyze proliferating cell nuclear antigen (PCNA)-specific effects on the functional properties of egg extracts. To do this, we have coupled peptides derived from p21 (Waf1/Cip1) to beads and used these to deplete PCNA from Xenopus egg extracts. The effect on various aspects of DNA replication can be analyzed after the readdition of PCNA and other purified proteins. Using this system, we have shown that replication of singlestranded M13 DNA is entirely dependent upon PCNA. By adding exogenous T7 DNA polymerase to PCNAdepleted extracts, we have uncoupled processive DNA replication from PCNA activity and so created an experimental system to analyze the dependence of postreplicative processes on PCNA function. We have shown that successful chromatin assembly is specifically dependent on PCNA. However, systems for analyzing the far more complex mechanisms required for the replication of nuclear double-stranded DNA have proved so far to be refractory to specific PCNA depletion.
INTRODUCTION
p21, also known as Waf1, Cip1, etc., is a small regulatory protein that contains several functional domains, including those for interactions with Cdks, cyclins, and proliferating cell nuclear antigen (PCNA). p21 plays an important role in the coordination of the cellular pathways that act in response to DNA damage to repair DNA lesions. The mechanism of p21 function is still not clear, but it appears to differentially regulate specific Cdk-cyclin complexes. For example, recent evidence has shown that although p21 acts as a potent inhibitor of cyclin A-Cdk2, it does not efficiently inhibit cyclin D-Cdk4 activity and may positively regulate such complexes by acting as an assembly factor [1] [2] [3] [4] .
There is good evidence to indicate that p21 can inhibit DNA replication via a mechanism that is dependent on PCNA, though the physiological role of the p21-PCNA interaction is not fully understood [5] [6] [7] [8] .
The site of p21 interaction on PCNA is shared by many proteins involved in the mechanics of DNA replication [9] , and it is possible that p21 inhibits progressive DNA replication by competitively blocking the interactions of such proteins.
Analysis of the interaction between human p21 and PCNA resulted in the identification of a small 20-amino-acid peptide derived from the C terminus of p21 that was sufficient to interact with PCNA and was also capable of inhibiting SV40 DNA replication in vitro [10] . Further studies have shown that either fulllength p21 or p21-derived regions can inhibit DNA replication in a PCNA-dependent manner, and although p21 does not appear to inhibit DNA repair, a synthetic PCNA-binding p21 peptide can affect nucleotide excision repair in vitro [5] [6] [7] [8] 11] . In vitro studies have shown that the C-terminal region of p21, which contains the PCNA-interacting domain, can competitively block reassociation of the polymerase complex with PCNA. Although this does not significantly affect short patches of repair synthesis, the long tract DNA synthesis necessary for replication is prevented [11, 12] . Observations that the formation of PCNA-p21 complexes is part of the cellular response to DNA damage underline the physiological significance of the p21-PCNA interaction [13] . However, although it was previously thought that the Cdk-cyclin inhibitory activity of p21 resided solely in an N-terminal domain, it is now recognized that a secondary inhibitory motif is located adjacent to the PCNA-interaction domain at the C terminus [14, 15] . This means that results obtained using small C-terminal regions of p21 are not necessarily PCNA-dependent effects. In the accompanying paper [15a] , we describe the effects of expressing small peptide regions derived from p21 in cultured human cells as a miniprotein fused to GFP. We find that such miniproteins can suppress proliferation in a PCNAdependent manner, though this effect is cell type specific.
In initial experiments using Xenopus extracts as a model system, the effect of exogenous p21 in inhibiting DNA replication appeared primarily to be in the binding and inhibition of CDKs. Extracts of Xenopus eggs that support chromosomal replication require CDK activity to initiate DNA replication [16 -18] . In Xenopus extracts, p21 can inhibit DNA replication at concentrations similar to the concentration of CDKs, and addition of either cyclin A or E can rescue the inhibitory effect. In contrast, the addition of exogenous PCNA to p21-inhibited extracts was not sufficient to rescue chromosomal replication, suggesting that the inhibition of DNA replication by p21 is PCNA-independent [19] . However, these results can be attributed to the relative concentrations of CDKs and PCNA in the egg extract. A C-terminal fragment of p21 has been shown to inhibit chromosomal DNA replication, albeit at a 10 times higher concentration than the N-terminal fragment, consistent with the higher concentration of PCNA in the extract [20] . It is possible that the activity of the secondary CDK-inhibitory motif that lies in this region may be playing a role in this effect [15, 21, 22] . However, replication of single-stranded M13 phage DNA in Xenopus cell-free assays does not require the activity of CDKs, and complementary strand synthesis, which is dependent on PCNA function, can be inhibited by p21 [8, 20, 23] .
Cell-free systems derived from unfertilized Xenopus eggs have provided a means by which the eukaryotic cell cycle can be analyzed in vitro and have been particularly informative in the study of the biochemistry of DNA replication, including its initiation and control by the cell cycle, as well as chromatin assembly, nuclear envelope formation, and mitotic condensation [24 -27] . As has been previously noted, the level of PCNA in Xenopus oocytes and egg extracts is relatively high, in the range of 4 -8 M (or approximately 200 g/ml) [19, 28] . We therefore decided to use PCNA depletion followed by the readdition of purified recombinant protein to develop a Xenopus-based system to analyze PCNAspecific effects on the functional properties of egg extracts. For example, PCNA has recently been implicated in the replication-coupled assembly pathway through direct association with chromatin assembly factor 1 (CAF-1) [29] . Moreover, the ability to specifically reduce high endogenous levels of PCNA in egg extract could facilitate the development of a sensitive system by which potential inhibitors of PCNA function could be tested in a background in which PCNA levels are limiting.
To carry out PCNA depletion, we have developed the use of a peptide derived from human p21 that binds strongly and specifically to PCNA from a range of species [10, 21, 30] . In this system, we have shown that replication of single-stranded M13 DNA is PCNA-dependent. By adding exogenous T7 DNA polymerase to PCNA-depleted extracts, we have created an experimental system to analyze the dependence of postreplicative processes on PCNA function. In this way, we have shown that successful chromatin assembly is specifically dependent on PCNA. However, systems to analyze the replication of double-stranded DNA, which requires nuclear envelope formation, among many other factors, has proved so far to be refractory to specific PCNA depletion.
MATERIALS AND METHODS
Preparation of Xenopus egg extract. Extracts from unfertilized Xenopus laevis eggs were prepared as previously described [26, 31] . Unfertilized eggs were obtained by injection of females with serum gonadotrophin 4 to 7 days before collection, followed by chorionic gonadotrophin 8 to 12 h before laying. The eggs were dejellied in a solution of 2% (w/v) cysteine with 1 mM EGTA, pH 7.8, and washed in high salt Barth solution (110 mM NaCl, 2 mM KCl, 1 mM MgSO 4 , 0.5 mM Na 2 HPO 4 , 2 mM NaHCO 3 , 15 mM Tris-HCl (pH 7.6), 2 mM EGTA) and subsequently in extraction buffer (50 mM Hepes-KOH (pH 7.6), 50 mM KCl, 5 mM MgCl 2 , 5 mM EGTA, 2 mM DTT, or ␤-mercaptoethanol). Unwanted eggs were removed after spinning at 800g for 1 min and the eggs were then spin-crushed for 10 min at 10,000g. The cytoplasmic layer was removed and supplemented with 15% volume EDB-S (50 mM KCl, 50 mM Hepes-KOH (pH 7.6), 10% (w/v) sucrose, 2 mM DTT, 0.4 mM MgCl 2 , 0.4 mM EGTA), and leupeptin, pepstatin, and aprotinin (1 g/ml each) plus 10 g/ml cytochalasin B and ultracentrifuged (84,000g, 15 min). The separated cytoplasm was filtered and supplemented with 1% (v/v) glycerol and snap-frozen.
Preparation of the peptide-coupled gel used for depletion experiments. Synthetic peptides were coupled to Sulfo-Link coupling gel (Pierce) in accordance with the manufacturer's protocol. Peptides used were obtained from Cambridge Research Biochemicals. The peptides used were as follows: wild type, CKRRQTSMTDFYHSKRRLIFS; PCNA Ϫ , CKRRQTSATDAYHSKRRLIFS; CDK Ϫ , CKRRQTSMTDFY-HSKRRAIAS; jumbled, CQDKTRYFHRTMSRSKSIRLF. Uncoupled gel was prepared by blocking the active sites on the beads with a solution of cysteine.
Depletion by peptide-coupled beads. One volume of activated extract was added to an equal volume of buffer LFB1/50 (40 mM Hepes-KOH (pH 8), 20 mM K 2 PO 4 /KH 2 PO 4 (pH 8), 2 mM MgCl 2 , 1 mM EGTA, 2 mM DTT), 10% (w/v) sucrose, and leupeptin, pepstatin, and aprotinin (1 g/ml each) in which varying quantities of peptidecoated beads were resuspended. The beads had previously been washed and resuspended as a 50% (v/v) slurry in buffer LFB1/50. Extract and beads were incubated on a rotator at 4°C for 1 h, and the beads were then separated from the mix by spinning past a glass ball in a cut-off pipette tip.
M13 and sperm DNA replication assays. Egg extract was activated by the addition of 250 g/ml cyclohexamide and 0.3 mM CaCl 2 for 20 min. Depletion of the extract, if required, was carried out before the replication reaction, as described below. A 10-l replication reaction was carried out with 9 l of activated extract, 25 mM phosphocreatine, 15 g/ml creatine phosphokinase, and 3 ng/l of M13mp18 single-stranded circular DNA (Pharmacia), together with 0.3 Ci of [␣-
32 P]dATP. The reaction was performed at 23°C for 2 h unless otherwise stated and stopped with 160 l of Stop N solution (20 mM Tris-HCl (pH 8.0), 5 mM EDTA (pH 8.0), 0.5% (w/v) SDS, 200 mM NaCl, 0.1 mg/ml RNase, 0.2 mg/ml proteinase K). The reaction was incubated at 37°C for 30 min to digest protein and RNA. DNA was precipitated in 4 ml of 10% (w/v) trichloroacetic acid (TCA) containing 0.5% (w/v) Na 4 P 2 O 7 ⅐ H 2 O and incubated at 4°C for 30 min or overnight. Forty microliters was pipetted onto a paper filter, and the remainder was precipitated on glass-fiber filters that were washed with 5% (w/v) TCA containing 1% (w/v) Na 4 P 2 O 7 ⅐ H 2 O and with ethanol. Scintillant fluid was added to the dried filters and the radioactivity of each sample measured by counting in a scintillation counter for 1 min. DNA synthesis was expressed as the percentage of total [␣-32 P]dATP incorporated into TCA-insoluble material. Sperm DNA replication reactions were performed as for M13 except that the template used was 3 ng/l of sperm chromatin. The replication reactions were incubated at 23°C for 3 h (aliquots were removed for microscopy after 90 min, if required) and were stopped in 160 l Stop C solution (20 mM Tris-HCl (pH 7.5), 5 mM EDTA (pH 8.0), 0.5% (w/v) SDS, 0.2 mg/ml proteinase K). Sperm chromatin was made by the demembranation of Xenopus sperm nuclei by centrifugation and lysolecithin, as described [31] .
For replication reactions involving the addition of exogenous proteins to the depleted or nondepleted extract, a total volume of 1 l of protein diluted in LFB1/50 buffer was added to 9 l of activated extract. Human recombinant PCNA was purified from Escherichia coli strain BL21 (DE) pLysS expressing full-length protein from the T7 promoter, using standard methodologies over Q-Sepharose, SSepharose, hydroxyapatite, and phenyl-Sepharose chromatography columns. T7 DNA polymerase from New England Biolabs was used from a stock of 10 units/l, and T4 DNA ligase from Promega was used from a stock of 1 unit/l. Purified recombinant bovine HisCyclin A3 (48 M) and GST-p21 (Waf1/Cip1) were prepared as described [19, 32] . The DNA products of the M13 replication reaction were phenol/phenol-chloroform-extracted and ethanol-precipitated. Samples were resuspended in a DNA loading buffer and run on a 0.6% agarose gel overnight, with or without 20 g/ml chloroquine, as described. The gel was stained with 5 g/ml ethidium bromide, squash-dried between two glass plates, and exposed to X-ray film.
SDS-PAGE and Western blotting. Proteins were separated by denaturing polyacrylamide gel electrophoresis using a Bio-Rad MiniProtean II slab cell apparatus and the Laemmli buffer system. Samples were boiled for 5 min in 5ϫ Laemmli loading buffer 200 mM Tris-HCl (pH 6.8), 2% (w/v) SDS, 500 mM DTT, 0.002% (w/v) bromophenol blue, 10% (v/v) glycerol before loading. Western blotting onto Protran nitrocellulose membrane (Schleicher and Schuell) was carried out overnight at 30 mA using a Bio-Rad electrophoretic transfer cell. The blot was blocked with 5% (w/v) milk/0.4% (v/v) Tween-20 in PBS (150 mM NaCl, 3 mM KCl, 8 mM Na 2 HPO 4 , 2.5 mM KH 2 PO 4 , pH 7.4) for 1 h at room temperature and then rinsed twice with PBS. Primary antibodies were diluted in 2% milk/0.2% Tween-20 in PBS, added to the blot at a concentration of 2 g/ml of purified antibody or 1:4 tissue culture supernatant, incubated 1 h at room temperature, and then washed five times for 2 min with PBS/ 0.2% Tween-20. HRP-conjugated secondary antibody (Dako) was added at 1:1000 diluted in 2% milk/0.2% Tween-20 for 1 h at room temperature, and the blot was washed five times for 2 min in 2% milk/0.2% Tween-20 for 1 h at room temperature, and the blot was washed five times for 2 min in 2% milk/0.2% Tween-20 and twice in PBS. The signal was detected using the Enhanced ChemiLuminescence system (Amersham).
Cdk2-cyclin E in vitro kinase assay. His-tagged cdk2 and cyclin E proteins were coexpressed in Sf9 insect cells and purified by metal-chelate chromatography. GST-Rb ⌬773-924 substrate was expressed in E. coli and immobilized on a glutathione-Sepharose column according to the manufacturer's instructions (Pharmacia). GST-Rb phosphorylation induced by cdk2-cyclin E was determined by the incorporation of radiolabeled dATP by GST-Rb in a 96-well format in vitro kinase assay. The phosphorylation reaction mixture (total volume, 40 l) consisted of 50 mM Hepes (pH 7.4), 20 mM MgCl 2 , 5 mM EGTA, 2 mM DTT, 20 mM ␤-glicerophosphate, 2 mM NaF, 1 mM Na 3 VO 4 , protease inhibitor cocktail (Sigma), 0.5 mg/ml BSA, 1 g purified enzyme complex, 10 l of a 50% slurry of GSTRb-coupled Sepharose beads, 100 M ATP, and 0.2 Ci [ 32 P]ATP. The reaction was carried out for 30 min at 30°C with constant shaking. A total of 100 l of 50 mM Hepes (pH 7.4) and 1 mM ATP was subsequently added to each well, and the total volume was transferred onto a GFC filtered plate. The plate was washed five times with 200 l/well 50 mM Hepes (pH 7.4) and 1 mM ATP. A total of 50 l of scintillant liquid was added to each well, and the radioactivity of the samples was measured on a scintillation counter (Topcount, HP). The IC 50 values of different peptides were calculated using GraFit software.
RESULTS

Depletion of PCNA by Peptide Beads Blocks Complementary Strand Synthesis
A sequence of 20 amino acids at the C terminus of the p21 (Waf1/Cip1) protein has been shown to interact with both PCNA and CDKs [10, 21] (see Fig. 1 These peptides were coupled to agarose beads and were then analyzed for their ability to deplete PCNA from Xenopus egg extracts. Figure 2A shows that wild-type peptide 10 and the CDK Ϫ derivative were both capable of removing most of the PCNA from Xenopus egg extracts, while the jumbled peptide or the PCNA Ϫ mutant were not. The majority of PCNA in the extract was depleted from the extract by ϳ40% volume of beads (wild type or CDK Ϫ ) per volume of extract (data not shown). Figure 2B shows that the wild-type and PCNA Ϫ mutant were both capable of inhibiting the kinase activity of Cdk2-cyclin E complexes with similar activities, while the CDK Ϫ mutant was much less active. Figure 2C shows that the wild-type and PCNA Ϫ mutant peptides were both capable of depleting Cdk2, which is predominantly complexed with cyclin E in Xenopus egg extract [18, 34, 35] . However, Cdc2, which is predominantly in a monomeric (noncyclin bound) form, was much less depleted.
Xenopus eggs can support efficient complementary strand synthesis on single-stranded (ss) DNA substrates, such as ssM13 DNA. Events occurring during complementary strand synthesis are expected to resemble those occurring at the lagging strand of a normal replication fork. Complementary strand synthesis in Xenopus egg extracts requires a primase activity such as that provided by DNA polymerase ␣, and it also requires PCNA for extensive DNA synthesis [8, 33] . Although the initiation of DNA replication on doublestranded DNA also requires CDKs, they are not required for complementary strand synthesis [16, 17, 19] . Consistent with these reports, Fig. 3 shows that depletion of Xenopus extracts with beads coupled to peptides capable of binding PCNA (wild type and CDK Ϫ ) blocked complementary strand synthesis, but that depletion with the PCNA Ϫ peptide did not. Active complementary strand synthesis in extracts treated with wild-type peptide beads and CDK Ϫ peptide beads could be restored by the addition of purified recombinant PCNA (Fig. 3A) . The slightly better rescue of extracts depleted with the CDK Ϫ peptide than with extracts depleted with the wild-type peptide is plausibly explained by a slightly reduced affinity of the mutant CDK Ϫ peptide for PCNA. The products of the reaction are shown in Fig. 3B . Most of the newly synthesized DNA ran on agarose gels at the position of form I (supercoiled) double-stranded DNA. This suggests not only that complete complementary strand synthesis had occurred, but also that the resultant doublestranded DNA had been fully ligated and assembled into chromatin. These results show that PCNA is the only activity required for this reaction that is depleted by the peptide beads.
PCNA Required for Replication-Coupled Chromatin Assembly
Replicating DNA is assembled into chromatin in a reaction dependent on CAF-1 [36, 37] . In Xenopus egg extracts, this pathway (replication-dependent chromatin assembly) is much more rapid than the assembly by which nonreplicating DNA is assembled into chromatin [38] . It has been suggested that in ad-
FIG. 2. (A) Results of depleting PCNA from
Xenopus egg extracts with a 60% volume of either free or peptide-coupled beads. Samples were analyzed by SDS-PAGE, followed by Western blot probed with an anti-PCNA antibody. Depletion by wild-type or CDK Ϫ peptide beads depletes PCNA to undetectable levels, whereas the PCNA Ϫ peptide and a jumbled peptide do not have a significant effect. (B) Results of in vitro kinase assays examining the ability of the peptides to inhibit purified human Cdk2-cyclin E complexes as described. Experiments were carried out in triplicate, and the average is shown. The PCNA Ϫ peptide retains its CDK-inhibitory activity, whereas that of the CDK Ϫ peptide is severely compromised. (C) Extracts were depleted with peptide-coupled beads and subjected to Western blot analysis using an anti-PSTAIRE antibody.
dition to its essential role in DNA replication, PCNA is required for replication-coupled chromatin assembly by serving as a loading factor for CAF-1 [29, 39] . To test this idea, we wished to determine whether it was possible to promote DNA replication in Xenopus extract in the absence of PCNA. We therefore supplemented PCNA-depleted extracts with the processive T7 DNA polymerase. Figure 4A shows that T7 DNA polymerase was able to rescue complementary strand synthesis on ssM13 DNA to rates comparable to those obtained by addition of PCNA. Addition of PCNA as well as T7 DNA polymerase to a PCNA-depleted extract did not significantly increase DNA synthesis above this level (Fig. 4B) . Figure 5 shows the products obtained with the T7 DNA polymerase rescue analyzed by agarose gel electrophoresis. In untreated extracts, the majority of newly synthesized DNA migrated as form I (supercoiled) DNA, indicative of rapid replication-coupled chromatin assembly [40] . Consistent with previous results, when extract was treated with 40% (by volume) peptide beads, complementary strand synthesis was almost completely abolished. When extracts depleted extracts with 40 to 100% peptide beads were supplemented with T7 DNA polymerase, total DNA synthesis was restored to approximately control levels (Fig. 4A) , but the products migrated mainly as form II DNA (nicked or relaxed closed circular DNA) or as partially supercoiled DNA (Fig. 5) . In longer incubations, DNA synthesized by T7 DNA polymerase in the absence of PCNA slowly became assembled into form I DNA, pre- sumably by the N1/nucleoplasmin chromatin assembly pathway (data not shown).
For nucleosomal DNA to migrate at the form I position on agarose gels, it must be fully ligated. We therefore analyzed the nascent DNA on chloroquine gels to investigate whether removal of PCNA from the Xenopus extract resulted in normal ligation of newly synthesized DNA (Fig. 6) . Chloroquine stabilizes doublestranded DNA in an underwound state, thereby introducing positive supercoils into relaxed closed circular DNA but leaving unchanged the migration of nicked DNA. When complementary strand synthesis occurred in the presence of PCNA, most of the product was seen to be assembled into supercoiled form I DNA, with a minority present as nicked DNA. When complementary strand synthesis by T7 DNA polymerase occurred in the absence of PCNA, a significant proportion of the product migrated as nicked or only partially supercoiled DNA (Fig. 6 ). This suggests that PCNA is required for replication-coupled chromatin assembly in the Xenopus system. The slight increase in nicked DNA seen after PCNA depletion was not restored by supplementing extract with T4 DNA ligase (Fig. 6, right) , thus suggesting that this represents a defect in the completion of DNA synthesis, rather than a defect in ligation.
Effect of PCNA Depletion on Sperm DNA Replication
We next wished to determine the effect of depletion of PCNA on chromosomal DNA replication. The replication of double-stranded sperm DNA is a more complex process than complementary strand synthesis, as it requires decondensation of the sperm chromatin, assembly of licensed replication origins on the DNA, and assembly of a functional nuclear envelope before CDK-dependent initiation of replication on the duplex DNA. Figure 7A shows the capacity of extracts depleted by peptide-coupled beads to support replication of double-stranded sperm DNA. In contrast to the complementary strand synthesis assays, depletion by wildtype peptide 10 as well as by the PCNA Ϫ and CDK Ϫ derivatives blocked the replication of sperm DNA. This inhibition was not due to physical disturbance of the extract, as depletion with beads alone (no peptide) had no inhibitory effect on sperm replication. Wild-type and PCNA Ϫ peptides were significantly better at inhibiting DNA synthesis than the CDK Ϫ peptide because, unlike complementary strand synthesis, the replication of sperm DNA requires S-phase-promoting CDK activity [16, 17] . CDKs are much less abundant than FIG. 5. M13 DNA replicated in the absence of PCNA is not assembled into the supercoiled form. M13 replication reactions carried out using extracts depleted with wild-type peptide-coupled beads (20, 40, 60, 80 , and 100% of extract volume), either with or without T7 DNA polymerase, and the replication products were analyzed by gel electrophoresis.
FIG. 6.
Topological analysis of PCNA and T7 DNA polymerase rescue. M13 replication reactions were carried out using both depleted and undepleted extracts, as indicated. Combinations of PCNA, T7 DNA polymerase, and T4 DNA ligase were added, and the replication products were analyzed by gel electrophoresis on gels without (left) or with (right) added chloroquine.
PCNA, so inhibition by depletion of CDK activity is the rate-limiting step [19] .
We next investigated whether the replication of sperm DNA in any of these depleted extracts could be rescued by the addition of PCNA. Figure 7B shows that addition of PCNA caused a modest (ϳ25%) rescue of extract depleted with the CDK Ϫ peptide, but that it had no effect on the extracts depleted with the wildtype or PCNA Ϫ peptides. This result would be consistent with the wild-type and PCNA Ϫ peptides blocking the initiation of replication by depletion of CDK activity via their secondary cyclin binding site ( 155 RRLIFS 160 ). Consistent with this interpretation, these extracts showed a relative reduction in their Cdk2 content (most of which in Xenopus egg extract is complexed with cyclin E) compared with Cdc2 (most of which in Xenopus egg extract is unbound to cyclins) (Fig. 2C) . We therefore tried to rescue this replication defect by the addition of recombinant cyclin A3 [32] . At high concentrations, recombinant cyclin A3 inhibits replication and promotes entry into mitosis, but at lower concentrations it possesses S-phase-promoting activity (Fig. 8) . In extracts depleted with the PCNA Ϫ peptide, high concentrations of cyclin A3 inhibited replication (data not shown), but at lower concentrations, it promoted a small (but variable) degree of replication (Fig. 7C) , which was not increased by the addition of PCNA. This result is consistent with the PCNA Ϫ peptide inhibiting replication largely, but not exclusively, by depletion of CDKs from the extract.
Nuclear assembly is necessary for the initiation of DNA replication of double-stranded DNA templates in the Xenopus system [26, 27, 41] . To understand why the extract depleted with the CDK Ϫ peptide was not efficiently rescued with PCNA, we examined the nuclei assembled in these extracts. Nuclei assembled in normal Xenopus egg extract consist of decondensed DNA bounded by a phase-dense nuclear envelope (Fig. 9A) . Nuclei assembled in extract depleted with wild-type peptide or with the PCNA Ϫ peptide appeared apparently normal (Figs. 9B, 9C) . However, the nuclei assembled in extract depleted with the CDK Ϫ peptide had an abnormal morphology, with abnormally con- densed chromatin and an unconvincing nuclear envelope (Fig. 9D) . When extracts depleted separately with the CDK Ϫ and PCNA Ϫ peptides were subsequently mixed, nuclear assembly was somewhat improved over that seen in extracts depleted with only the CDK Ϫ peptide (Fig. 9E ). This nuclear assembly defect is likely to explain why addition of PCNA to extract depleted with the CDK Ϫ peptide only partially restored DNA synthesis.
DISCUSSION
We have used peptides derived from p21 (Waf1/Cip1) to deplete PCNA and other proteins from Xenopus egg extracts to investigate their role in DNA replication. Using this approach, we have shown that PCNA is required for complementary strand synthesis on single-stranded DNA and is required for replication-coupled chromatin assembly. However, systems to analyze the far more complex mechanisms required for the replication of double-stranded DNA have so far proved to be refractory to specific PCNA depletion.
Role of PCNA in Complementary Strand Synthesis
Peptide 10 -coupled beads were shown to bind PCNA and to reduce PCNA protein levels in egg extract. Depletion of PCNA by wild-type peptide 10 blocked complementary strand synthesis on ssM13 DNA. This defect was specifically caused by depletion of PCNA, as it could be rescued by readdition of purified PCNA. This result is consistent with previous work that demonstrated a role for PCNA in complementary strand synthesis by chromatographic fractionation of Xenopus egg extract [8] . Although DNA polymerase ␣ is expected to prime nascent strands with its associated primase, its low processivity means that it is unlikely to be able to synthesize long stretches of DNA [8] . Instead, a PCNA-dependent DNA polymerase, such as DNA polymerase ␦, is required to extend and complete the nascent strands initiated by DNA polymerase ␣.
As well as its role as a processivity factor for DNA polymerase ␦ and ⑀, PCNA has been implicated in recruiting the CAF-1 chromatin assembly factor to newly synthesized DNA [29, 39] . During DNA synthesis, PCNA forms a trimeric ring around the DNA, where it can act as a "sliding clamp" for other replication proteins such as DNA polymerase ␦, Fen1, and CAF-1 [42] [43] [44] [45] . PCNA is loaded onto DNA by the RF-C clamp loader, which requires primed DNA as a template. Because of the stability of its association with DNA, PCNA can therefore selectively recruit CAF-1 to replicating DNA and strongly bias CAF-1-dependent chromatin assembly toward replicating DNA. Xenopus egg extracts also contain two other major chromatin assembly proteins, termed nucleoplasmin and N1, which will assemble histones on DNA whether it is replicating or not [38, 40, 46 -49] . We show here that DNA synthesis driven by T7 DNA polymerase in the   FIG. 9 . Nuclear assembly in depleted extracts. To compare the capacity of depleted extracts to assemble nuclear structures, samples were analyzed from nondepleted extract and from extracts depleted with peptide-coupled beads at 1.5 h into a sperm replication reaction. Extracts were depleted with a volume of beads that caused inhibition of sperm replication, i.e., 60% volume beads in all cases except for CDK Ϫ peptide beads, which were used at 80% per volume extract. Phase contrast and Hoechst DNA staining at 100ϫ magnification is shown. absence of PCNA did not lead to rapid supercoiling of the DNA, even though a significant proportion of the DNA was fully replicated and ligated. Rapid supercoiling was seen only where DNA replication occurred in the presence of PCNA. These results, consistent with recent reports in mammalian systems [29, 39] , suggest that replication-dependent chromatin assembly in the Xenopus system is dependent on PCNA.
Use of Peptide Depletion to Investigate Chromosomal DNA Replication
We had intended to use the peptide bead depletion to investigate the effect on chromosomal DNA replication of specifically depleting PCNA from the Xenopus extract. In addition to a binding site for PCNA, wild-type peptide 10 contains a binding site for cyclins [10, 21] . We anticipated that this binding site was likely to have a separate effect on our assay, because cyclin-dependent kinases are required for the initiation of DNA replication in the Xenopus system [16, 17, 19] . We tried two separate approaches to this problem. First, depleted extracts were supplemented with recombinant cyclin A, which can complex with free Cdc2 in the extract and provide S-phase-promoting activity [18, 19] . Although a modest recovery of replication activity was obtained by this method when PCNA activity was maintained, the rescue varied from experiment to experiment and was rarely greater than 30%. Second, the peptide used had mutations in its cyclin-binding motif (the CDK Ϫ peptide), allowing it to bind PCNA but not cyclins. Depletion of extracts with this peptide was only modestly rescued by addition of PCNA. Inspection of nuclear assembly in extract depleted with the CDK Ϫ peptide showed abnormal nuclear assembly associated with condensed chromatin and improperly assembled nuclear envelopes. Because nuclear assembly is a prerequisite for the initiation of DNA replication in the Xenopus system [26, 27, 41] , this is likely to explain the poor rescue of DNA replication in these extracts. When extracts depleted separately with the PCNA Ϫ peptide and the CDK Ϫ peptide were subsequently mixed, the defect seen in the CDK Ϫ peptide extracts was substantially rescued. This suggests that on generating the CDK Ϫ peptide from the wild-type peptide, a binding site was created for another protein that is essential for nuclear assembly in the Xenopus system.
Our inability to generate clean depletions of PCNA using peptide depletion meant that it was not possible to investigate in detail the consequences for chromosomal DNA replication of loss of PCNA. The ease with which binding sites for new activities can apparently be created suggests that peptide depletion alone may not be able to provide the specificity required to address this question. The unavailability of immunoprecipitating antibodies to PCNA means that further technical developments will be required before this problem can be satisfactorily addressed.
